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A BIPLANE HAVING DECALAGE.
By Richard M. Mock.

Introduction

It is known that in a biplane the load is not distributed
equally tetween the wings. The presence of one wing will af-
fect the 1ift characteristics of the other wing. A designer
must know the total load each wing carries in order that hc
may design an adequate structure.

The purpose of this thesis is to determine the distribu—

tion of loads between the wings of a biplane at various angles

of decalage, when the gap/chord ratio is one, and there is no
stagger.

Since the distribution of loads between wings is the ratio
of the 1ift of one wing to the 1ift of the other, the effective
1ift of each wing will have to be determined. Thils can be cal-
culated if the effect of the presence of one wing on the 1ift
of the other wing is known. The effective 1ift of each wing
was first investigated, using the vortex theory and later by

experiments in the wind tunnel. In order to obliterate a possi-

*A Thesig submitted o the faculty of the College of Engineer-
ing, Now York Unlversity, in parstial fulfiliment of the re-
quirements for the degree in Bachelor of Science in Mechan-
ical Enginczering, May, 1937.
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= ble source of error, two.airfoils wcre ﬁéed, namely, the U.S.A.37
and the Gottingen 387. Extensive tests were made, using the
3 U.S.A.37 airfoil, and when the results showed a possible error
they were checked with the G%ttingen 387 airfoil.
The author is indebted to Professor Alexander Klemin and Mr.
Frederick Knack for their many helpful suggestions on the theo-
retical calculations, on the relative values of the vortex theory.

calculations, and on the wind tunnel results.
The Terms Defined

- The decalage, gap, stagger, and angle of attéck are measured
= according to the definitions given by the National Advisory Com—
mittee for Aeronautics in their report No. 240 (Reference 1).

The decalage shall be called positive when the lower wing
has a smaller angle of attack than the upper wing. The decalage
shall be called negative when the lower wing has a larger angle
of attack than the upper wing. The angle of decalage is the
acute angle between the chords of the wings of a biplane.

The gap is the distance between the planes of the chords
of any two adjacent wings, measured along a line perpendicular
to the chord of the upper wing at any designated point of its
leading edge.

The stagger is the amount of advance of the leading edge

< of the upper wing of a biplane, triplane, or gultiplane, over
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that of a lower wing, expressed as a percentage of gap or in

degree of the angle whose tangent is the percentage just re—

ferred to. It 1s considered positive when the upper wing is

forward and is measured from the leading edge of the upper
wing along its chord to the point of inte;section of the chord
with a line drawn perpendicularly to the chord of the upper
wing at the leading edge of the lower wing, all lines being
drawn in & plane parallel to the plane of symmetry.

A1l calculations will be made in absolute units employing
feet, pounds, and seconds. For a biplane, the following terms

shall be used:

Cp, = 1ift coefficient (absolute)
G = gp

by = span of upper wing

bu_ =" span of lower wing

Sg = area of upper wing

Sy = -area of lower wing

B = angle of stagger

= total 1ift on a wing

D = total drag on a wing
Oro = effective 1ift coefficient of upper wing
Cip = effective 1ift coefficient of lower wing

If the lower wing of a biplane were removed the upper wing
would have a 1ift coefficient of 0r,- When the lower wing is
replaced the 1ift of the upper is affected. The 1ift coeffici-
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ent of the upper wing will then be called Oy, or the effective
1;ft coefficient of the upper wing of a biplane. Similarly,
the effective 1ift coefficient of the lower wing will be called
OLu- '

The effect of the lower wing on the 1ift coefficient of

the upper will be called A Cpyq-
A Cryo = Opo — O, (upper wing alone)

The effect of the upper wing on the 1ift coefficient of
the lower will be called A Cpqy

A Cpou = CLu - On, (lower wing alone).

Ags the 1ift coefficient is a function of the 1ift, all
calculations will be made, using coefficients in order that

the results may be applicable to other cases.
The Vortex Theory Applied to the Biplane

For purposes of calculation, the airfoll is replaced by a
line at one~third of the wing chord. The cilrculation about the
airfoil and the circulation about this imaginary line are equal.
The circulation about one wing is disturbed by the presence of
the other in two ways. Every wing, about which there is a cir-
culation, has  two factors affecting the air around ity the
transverse vortex and the tip vortices coming from the ends of
the wing. In a biplane these vortices cause a disturbance in

the air flow about each wing. The change in the air flow can be
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attributed to a velocity having a horizontal and a vertical com-
ponent. The horizontal velocity affects the circulation, while
the vertical velocity tends to change the angle of attack.

The velocity at the lower wing, due to the upper trans-—
verse vortex, at a pcint x distance from the center of the
wing is (Reference 2a):

_ Ig cosB :
V. "= 4rne bo - . e .
( -lx: —
00828 / ooszﬂ

The velocity at the same point, due to the tip vortices is:

..........................

2 bo N2 ' 2 Yo 2 2
4Tf/G- +<—2~— X)i G +(-2—— X)OOSB

The derivations for the above are not necessary in this

V, =

paper.

It is accepted that the circulation about any wing is:

_ 0 8V
1 2 b

Therefore, the circulation about the upper wing is:

GLo So Vy

To T T 3Tp,

and that about the lower wing is:

_ Giu Sy W

Tu 2 by

where Vyp 1is the velocity of the air without any external in--

terference.



N.A.C.A. Technical Note No. 369 6

The change in the horizontal velocity of the lower wing due

t0 the upper wing is A V., (Reference 3b)!:

AVou _ dLo So

T = - T % ba i (Reference 2b)

and similarly,

A Vuo CLU. Su
7 . b (Reference 3b)

The value of u in terms of the angle of stagger B and A 1is
given in Figure 1. The value of A is glven below.
The change in the vertical velocity at the lower wing due

ta the presence of the upper wing is A agy (Reference 3¢)

C S
- Lo o
L e = . o o 1 (b + x) (Reference 2¢)
and similarly,
Cpy Sy
A aypg = T g by (v — x) (Reference 2c)

The value of v and x are given in Figures 3 and 3, respective-
1ly. The integration of the above equations in order -to obtain
the values given in Figures 1, 2, and 3, was made graphically by

Fuchs and Hopf (References 3d and ze_).

cosB (/ 1.~MNcos®B— 1)  (Refer-

po= phy) —K(Az);  w(A)
ence 2f)

sinB (/1 + N\ cos®B=1) +
(1 + sing) (/I =0
e

sinB +,/1 + X coe®B

= ving) —vlnz)s  v(A)

c
|

+ log

x = x(N;) - x(N2); x(-N) =} logg (1 + X)
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b. + b - b
where \; = *g—afég and Ap = *g—a—;g

Since an increase in horizontal wind velocity or in the
angle of attack will increase the 1ift of an airfoil, the in-
creagse in 1ift will be approximately:

AL =3k AV + a—.A @ +D A (Reference 2g)
oV negligible :

As the 1ift of a wing is:

S Vp®

L=pCL2

the increase in 1ift on the lower wing, due to the presence of

the upper wing is:

8, V,°
v2
a(pOLou—SEgL d (P Opy S Q)Aa“
e 5V, AV + S o !
. 8y Vo sy W of
A(pGLou—z_'—>=pCLuSuVu—Av+p - 3 'l*_’A
S CLu- )
where 3o is the slope of the 1ift curve of the airfoil used.

The change in 1ift of the lower wing, due to the presence

of the upper is:

v RS

ACrou = 2 Op
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Substituting, we obtain:

Cro So 0] - 9 C1u [57.3 So (v + x)]

A = -
CLou = 8 Omu [~ 2.5y 3 & 4T bg by
(Due %o change in | (Due to change
horizontal volocity) in vertical
velocity)

(87.3 changes radians to degrees)

By changing the signs, the effect on the upper wing can be

found.
8 Cryo = 8 Cry [——————fﬁobi‘lbu vl + %%1—"3 [57.3 481; t(uz ;ux)]
Application of the Theory
. The wings used for the investigation were two metal wind

tunnel model 18-inch by 3—inch U-S*A-27 airfoils and two wooden
wind tumnel model 18-inch by 3-inch thtingen 387 airfoils. ..
It has been stated in the introduction that the biplane was in—
vestigated at various decalages, when the gap chord ratio was
one, and there was no stagger. The angles of decalage that '
weTe investigated were: -23°, - 10, 0, +1°, +2°, +3°, +40.
The characteristics of each airfoil were determined by test-—
ing the airfoil in the wind tunnel. The results of these tesis
are giveﬁ in Figure 4. Since in each biplane combination the.

upper and lower wing have the same span, the same area, and

the game 1ift characteristics.
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Su = 5o
b =D

aCL'LI:aGLO,—_-H

= glope.
D« o o P

The above can be reduced to the following form (Reference 2h):

57.3\ (v + X
JRN

A Cpou =<— §—n—b2‘> (Cpo ) - (27 ) & }H (CLo)

S N _ (57.3\/v—x\H
A Oruo ( P, (CLo Crul + VAR, (Cru)
.In order +to kndty the values of K, v and x from Figures
1, 2, and 3, we must determine X\; and As.

be +
7\1=——————ng11.=6.

Do — bu _

A2 = —5g

From these values

o= B (x) - 0=5.1
x=x (A,) — O = 1.8.

B =0 as there is no stagger
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TABLE I.
U.S.A.27
Theoretical A Cp,o,, ©effect on upper wing due to lower.
Angle -2° -19° No +10 +3 +3° +40
of « deca- deca~ deca- deca~— deca~ deca- deca-
attack lage lage lage lage lage lage lage
- 4% | -.023381 | -.01801 | -.01312 -= - - —
- 2° |-.02147 | -.01838 | ~.01586 | -.01351 | -.00911 - —
0° |-.01785| -.0155 |-.0137 |-.0117 | -.01011|-.00798}|-.00579
+ 3% |-.0070 | -.0084 |-.0058 |-.0050 | -.00445 —,00375|—.00335
+ 4° | +.0077 | +.0071 | +.0058 | +.0058 | +.00853 | +.0045 |[+.00417
+ 68°° | +.0274 | +.0257 | +.0240 | +.0220 | +.0203 | +.0183 |+.0166
+8° | +.0522 | +.0499 | +.0464 | +.0435 | +.0403 | +.0371 |+.0343
+10° | +.0810 | +.0168 | +.0728 | +.0695 | +.0645 | +.0803 |+.0560
+12° | +.1125 | +.1080 | +.1035 | +.0982 | +.0930 | +.0889 |+.0838
+14° | +.0872 | +.1345 | +.1332 | +.1280 | +.1225 | +.1163 |+.1100
+15° — +.0920 | +.1446 | +.1404 | +.1350 | +.1298 |+.1230
+18° - — +.0379 | +.0435 | +.04R5 | +.0408 |+.0393

*Angle of attack

is measured on upper wing.



H.A.C.A. Technical Note No. 269 11
TABLE II.
U.S.A.27
Theoretical effective Oy, abs. 1ift coefficient of upper wing.
Angle —-2° ~1° No . +1° .+3° +39 +40
. of deca— deca— deca~— - deca— deca~ deca— deca—
attack* lage lage ‘lage lage lage lage lage
- 40 .17719| .18199| .18688 — — — —
- 2° .31653| .32962| .33214 | .33549| .33389 — —
0° .45315| .4545 | .4567 .4583 | .45989 | .46203| .46421
+ 29 .8024 .6086 | .6092 . 610 .61055| .61123% .61175
+ 4° . 7557 7551 | .7538 ..7538 | .7533 | .7525 | .75217
+ 8° .9104 .9087 | .907 .905 .9032 .9013 | .8996
+8° [1.0722 | 1.0699 |1.0664 |1.0835|1.06802 | 1.0571 |1.0543
+10° | 1.2331 1.22368 |1.2338 |1.3195 | 1.23145 | 1.3103 | 1.306
+13° |{1.3955 | 1.391 [1.3865 |1.38123 |1.3760 | 1.3719 | 1.3658
+14°% |1.4773 | 1.5245 |1.52323 | 1.518 | 1.5125 | 1.5062 | 1.500
+15° — 1.523 |1.5356 | 1.5714 | 1.5660 | 1.5608 | 1.5540
+16° — — .9379 .9535 | .9535 .9508 | .9493

*Angle of attack is measured on upper wing.
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TABLE III.
U.S.A: 27 '
Theoretlical ACyqy, effect on lower wing due to upper
Angle -3° -10° No +1° +2° +30 +40
of deca— deca~— d.eca— deca— deca— deca-— deca—
attack™ lage lage lage lage lage lage lage
~ 4° | -.03798|-.02801|-.02396| —- —— — —_—
- 3° | -.05438|-.05127|-.04864|~.04522|-.04168 - -
0° | —-.08375|-.0773 |-.0735 |~.0693 |-.08574 -.0611 |—.05835
+ 2% | -.1193 {-:1136 {-.1082 |-.1012 |-—.0961H —.09065 |-—.0860
+ 40 | -.1888 {-.1520 {-:1450 |-.1381 |-.1316 |-.1230 |-.1170
+ 8% | -.2038 |-.1957 |-.1875 |~.1794 |-.1713 | -.1631 |-.1554
+ 89 | -.253% |-.2460 |-.3356 |-.2263 |-,3166 | -.2073 - {-.1981
+10° | -.3065 |-.3961 |-.2858 |~.2775 |-.2656 | -.2550 |-—.2443
+13° | -.3603 |~.3510 |~.3415 |~.330 |[—.3187 |-.3094 |-.23964
+14° | -.3003 |-.3961 |-.3908 |~.3808 |-.3702 |-.3578 |-.3453
+18° ——  |=.3090 |-.4100 |[-.4020 {-.391%7 |-.38156 |-—-.3685
+18° — ~— |-.1965 |~-.2606 |-.2556 |-.2491 |-.2426

*Angle of attack is measured on upper wing.
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TABLE IV.
U.S.A.27
Theoretical effective Oy, abs. 1ift coefficient of lower wiﬁg
Angle 30" -19 No +1° +2° +39 +4°
of deca~ deca— deca- deca- deca- deca- deca—
attack® lage lage lage lage lage lage lage
— 49 +»33002 | .24899| .17604 — _— —_— —_—
- 3° .41563 | .35173| .29938| .23978| .15832 — —
0° .53235( .4537 | .3965 | .3337 | .28226| .2139 |1.4365
+ 2° 6282 | .5664 | .50688 | .4288 | .37385| .31235 | .2620
+ 40 .7242 | .8640 | .6030 | .5419 | .4834 | .4070 . 3530
"4+ &0 .8162 | .7563 | .6955 | .6380 | .5767 | .5169 | .4506
+8° | .8967 | .8490 | .7844 | .7357 | .6664 | .6082 i . 5499
+10° | .9765 | .9209 | .8643 | .5175 | .7544 | .6970 | .6387
+12° |1.0297 | .9860 | .9415 | .s87 | .8317 | .7856 i . 7236
+14° | .6097 [1.0349 | .9992 | .9562 | .9137 | .8592 | .B04Y
+15° . — .6010 |1.0230 .9880 | .9453 | .9015 | .8485
+18° — —_— .7135 |1.1704 |1.1344 {1.0879 I1.0404

*Angle of attack is measured on upper wing.
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From Figure 4:

o C

=—L = .0677 for the U.5.4.37 airfoil,

o Cy, Moy ‘o

5 = 0747 for the Gottingen 387 airfoil.

As the airfolls are 18-inch by 3-inch, and the gap chord

ratio one
S5o=8; = .375 sq.ft:
by =P = 1.5 ft.
G = .35 ft.

The above equations can be simplified still further to fit
this special case.

U.S.A.27 airfoils:

(5.1) (.875) .375)
A Coy = = 37 (TE)E Lo O 4 = 2731, 8) (1.5 Opo(-0877)

~.1355 O Opy —-0927 Opq

[

A Cruo +.1355 07,4 Oy —+0937 Cpyy

Gottingen 387 airfoils:

A Opgy = — L8:1(.875) ¢ o _ 57-3 (1.8)(.578)g (. 0747)
~Lou am (1.5 Lo ‘W Lo (1.5)
= —.1355 0Oy, Opy — 1033 Op,

The effect of the presence of the lower wing on the 1ift of

the upper, and the effect of the presence of the upper wing on the
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1ift of the lower were calculated for decalage of —20, —10, +1°,

'+20, +3°, +4° for the U.S.A.37 airfoil and +2°0 for the Gbttingen
387 airfoil. Each biplane combination was calculated for 16 an-
gles of attack. These calculations were made by substituting the
values obtained from Figure 4 in the above equations. The angle
of attack was measured on the upper wing, thus an increase in
decalage causes a decrease in the angle of the lower wing. The
numerical results for the calculations for the U.S.A.37 airfoil
are given in Tables I and III: The results for the thtingen 387
airfoil are given below. Figures 5 and 6 show the same values
plotted .against the 1ift of the upper wing alone. That is, if
the upper wing had the same angle of attack and its 1ift was not
disturbed by the presence of the lower wing.

From the values given in Figure 4, the effective 1lift of
the upper and lower wings were calculated by means of the above
results. The numcrical resulits of these calculations for the
U.S.A.37 airfoll are given in Tables II and IV, while the re—

sults for the G%ttingen 387 airfoll are given below:

Angle of Attack Cluo OLo (effective)_
- 40
- 2° —.01115' . 38585
o . ~-.01155 .5119
- 20 ~. 0050 . 8330
— 40 ~.0105 .8785

- 80 -.0330 1.0610
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Angle of &ttack Cluo 0o (effective) ]
- 8° -.058 1.2290
-10° —~.0856 1.3836
-12° -+1180 1.5430
—14° —41413 1.6203
~18° —-41490 1.68590
—16° : —. 1538 1.8758

The distribution of loads between wings is the ratio of the
effective 1ift of the upper wing to the offective 1lift of the
lower wing. The distribution of the load between the wings was
calculated from the above results. The ratios are plotted in
Figure 7.

The Results of the Theoretical Investigation

In discussing the results of the Investlgation from the
view of the vortex theory at this point the wind tunnel test re-
sulte or any conclusions drawn from them will be omitted.

The variation of A Ciuo Wwith the Cy;, of the upper wing
alone, as given in Figure 5, show that at angles of attack be-
low 3° for the U.8i A127 airfoil and below 3.35° for the thtiﬁgen
387 airfoil; the effect of the vertical velocity at the upwer
wing, due to the lower wing, is greater than the effect due to
the horizontal velocity: Above these values the effect due to
the horizontal velocity component is greater. The vertical ve—

locity tends to decreage the 1ift of the upper wing, while the
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'horigontal velocity tends to increase the 1ift. Therefore,
CLuo Will be negative below these values and positive above.

As the horizontal velocity component is a function of the square
of the 1ift on the upper wing, and the vertical wvelocity compo-
nent 1s directly proportional to the }ift on the upper'wing,
there is a point at which the twd components are equal. This is
the point when the U.S.A.27 airfoil is at 3° and the GOttingen 387
is at 3.25°. At angles above 3° for the U.S.4.27, and above
3.259 for the thtingen 387, the effect of the horizontal compo-
nent is predominant, therefore A CLuo will increase with an
increase in decalage. Below these angles the effect will be re-
versed. Therefore, at small angles of attack an increase in
decalage increases OCyyo-

As both the horizontal and vertical velocity at the lower
ﬁing,-due to the upper wing, tend to decrease the 1ift of the
lower wing, Opye Wwill be negative. - As an increase in deca~
lage causes a decrease in 1ift on the lower wing A Opye will
have less effect with increased decalage. This phenomenon is
shown graphically in Figure 6.

 With positive decalage the 1ift on the upper wing will be
greater than that on the lower wing, at all angles of attack
of the biplane. This is caused by the upper wing having a
larger angle of attack. Neglecting the effect of one wing on
the 1ift of the other, the ratio of the 1ift of the upper to
the 1ift of the lower will be greater than one. Similarly this

ratio will be less than one when there ié a negative decalage.
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From Figures 5 and 6 1t can be seen that at large angles
of attack the 1ift on the upper wing is increased and the 1ift
on the lower wing decreased. Therefore, the ratio of the ef-
féctive 1ift on the upper wing to that on the lower wing will be
greater than it would be if this effect were neglected. At
small angles the decrease in the 1ift on the iower wing is so
much more than the decrease in the 1ift on the upper wing that
the same result is produced, thereby increasing the ratio at
alllpoints. At some angles the ratic is not increased as mich
as at high angles of attack; therefore, the curves in Figure 7

have a general upward slopec.

The Experimental Investigation

The Apparatus

In tests in the wind tunnel the most probable source of
error is in setting the model to be tested. In this experiment
every possible precaution was taken to eliminate any error from
this source.

One wing was set in the chuck of the wind tunnel in the
usual mamner. This chuck rests on the balances. Another chuck
was screwed to roof of the wind tunnel directly above the chuck
used for the wing just mentioned. The upper chuck was centered
accurately by means of a plumb bob. In this upper chuck was
set a spindle, offset by a link at 7 inches above the wing.

The interfering or dummy wing was mounted on this spindle. The
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link had a slot in one end to pérmit a certain amount of freedom
in putting the wing in place. It is this interfering or dummy
wing that offects the 1ift on the wing in the lower chuck. By
rotating the upper spindle in the chuck the interfering or dummy
wing was used either as the upper or lower wing of the biplane.
Of course in.one position the wing ws turned to kegp the lead-
ing edge into the wind. Figure 8a is a photograph of the appa-
ratus in the wind tunnel.

In the photograph the wings are in position to give read-
ings for the effective 1ift on the lower wing. Figure 8 gilves
the dimensions for the apparatus. In the tests a rod was
screwed into the lower part of the interfering wing, directly
below the spindle. As the rod wasg long enough to reach the
floor of the tunnel, it prevented any possible vibration of the
interfering wing. This rod is not shown in the photographi

Procedure

The investigation was made in 4-foot wind tunnel at New York
University. All tests were made with a wind velocity of 40
miles per hour.

The decalage was measured with a pair of drawing dividers
having very sharp points. Two fine crosses were scratched on
the end of each wing. For each decalage to be investigated a
full-scale drawing, showing these crosses, was made of the wings.

The wings were placed in the tunnel at approximately the desired
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decalage. The drawing dividers were then set by placing them on
the full scale drawing. With the dividers held over the crosses,
scratched on the wings, the wings were moved delicately until
the crosses, and therefore the wings, were in the desired posi-
tion.

It has been stated that the 1ift was investigated at various
angles of decalage, when the gap/chord ratio was one, and there
was no stagger. The_gap/chord ratio was always equal to one
since the full drawing, used to place the wings, was made with
that gap/chord ratio.

It may appear that there was a possible source of error in
measuring the stagger. According to the National Advisory Com-
mittee for Aeronautics definition, there is no stagger when the
leading édge of the lower wing lies in a perpendicular to the
chord of. the upper wing drawn at the leading edge.of the upper
wing. .

In order to prevent the wings from having any stagger, a
small jig wes used. It consisted of a small "T" made of alumi-
num. Great pains were taken in making the "T!" perfectly square.
A spring clamp was screwed to the stem of the "T". This clamp
held the stem against the lower side of the upper wing so that
one edge of the stem coincided with the chord of the upper wing.
One side of the head of the "T" was pressed against the leading
edge of the upper wing so that when the leading cdge of the lower
wing was brought yp flush with the other side of the head of the
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"Th there was no possibility of any stagger.

One airfoil was set up in the lower chuck (connected to the
balance). It was then tested for 1ift at the ordinary angles of
attack.

To measure the effective 1ift of the upper wing, the wing in
the chuclk, just described, was used as the upper wing. The lower
wing was then put’in place. After the "T" ghaped jig was olamped
to the upper wing, the lcwer wing was carefully set at the cor—
rect decalage by means of the dividers. The lower wing was then
locked in place and the decalage checked. After the "T'" clamp
was rermoved, the tunnel was started and a reading taken. With
the decalage set, the wings weie'both rotated about the same aiis,
so that readings could be taken at all angles of attack, without
further adjustment. To prevent any error, the decalage was
checked before and after the reading at each angle of attack.
Great care was taken to keep the wings parallel for each test.

In a similar way the effective 1ift of the lower wing was
measured. The interfering wing was then remo%ed and monoplane
readings were aggin taken on the wing in the lower chuck. The
tests were run without removing the wing in the lower chuck be-
tween runs. In this way, another possible source of error was

removed.
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TABLE V.
U.S.A.27

Wind tummel results for AC10, effect on upper wing due to lower

Angle =20 -1° No +1° +3° +3° +40
of deca- | ~ deca—~| deca- deca- deca- deca— deca—
attack*| lage lage | lage lage lage lage lage
~ 40 +.01233

- 3° -.043

0° ~:088 | -.061 |[-.044 | -.0315| —.0L7 +.0135 | +.059

+ 3° A -.031

+ 4° -.086 | —-.084 |-.077 | —-.068 | —-.051 —~.030 —-.022
+ 8° , , ~.073

+ 8° -.128 | —.113 |-.098 | -.091 | ~-.085 ~.078 —-.073
+10° —-.099

+13° —.158 | -.147 |-.134 | -.113 | -.105 -.098 —-.083
+140 —-.107

+150

+18°

*Angle of &ttack'is measured oh upper wing.
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TABLE VI.
U.S.A.27
Wind tunnel results for effective Cp,, abs. 1ift coef. of upper
‘Angle ~20 [ 10 No | +1° +2° | +3° +40
of deca~| deca- deca—| deca~ deca—| deca- deca~-
attack* lage | lage lage | lage -lage | lage lage
- 4° . 1753
- 3° . 305
0° .334 | .362 .379 | .3915 . 408 . 4365 ARR I
+ 2° . 587 ,
+ 40 .663 | .664 .671 | .688 . 697 .718 .726'/
+ 60 ' .810
+ 8o .892 | .907 .922 | .929 .935 .942 947Y
+100 | 1.051
+13° 1.135 {1.136 |1.159 |1.17 1.178 | 1,185 1.30 ¥
+14° 1.2383
+18°
+16°

*Angle of attack is measured on upper wing.
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TABLE VII.
U.S.4. 37
¥ind tumnel results for ACp.,, effect on lower wing due to upper
Angle -2° -1° No +1° +2° +309 +4°
. of deca~ deca—~| deca- ‘deca~ deca~ deca~ deca—
attack® lage lage | lage lage lage lage lage
— 40 +.0055
~ 20 ~.0426
0° —.043 -.036 | -.0335 —-.0515| —-.1145 | —-.1157| —.1308
+ 39 —~.099 ~.168
+ 40 -.104 | ~.105(~.108 ~.130 | -.1455 | -.089 | —.107
+ a0 —-.118
+ 89 ~177 | -.209 |-.197 -.211 | -.314 —.2045{ —.180
+10° —-.197
+12° —.230 | —.243 |-.246 ~.233 | —.263 ~.252 | —.2348
+14° ~.250 -.233
+15° -.315 | —.337
+180 -.218

*Angle of attack

is measured on upper wing.
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TABLE VIII.
U.S.A.37
Wind tumnel results for effective COpy, abs. 1ift coef. of lower wing
Angle -20 -10 No +10 +2° +30 +40
of deca~ deca— | deca- deca~- deca- deca- deca~—
attack* | lage | lage lage lage lage lage lage
- 4 .1685
‘— 3 . . 1204 .
0 .B73 . 494 | . 4065 . 3345 .2335 + 1403 1\032'8 ,

+ 3

+ 4 me | 711 | .eas | .s63 | .4v35 | .422 ."\1‘_%30

+ 6 1

+ 8 973 .876 .873 L741 . 869 .8115 -316
+10 ; z
+12 116 (1.094 1.037 .985 « 888 .833 _.'i. Sé‘g _
+14 1.14 _;" 'l‘-‘
+15 1.068 i. O4é
+16

*Angle of attack is measured on upper wing.



The Results of the Wind Tunnel Experiments

The results of the tests with the wing alone are given in
Figure 4. It was upon these results that the theoretical cal-
culations were based.

From readings of the 1ift on the wing, alone in the tunnel,
and the 1ift when the other wing is present, the effect of the
presence of one wing upon the 1lift of the other was calculated.
The experimental results for the effective 1ift of both upper
and lower wings are given in Tables VI and VIII, respectively.
The effect of the presence of one wing upon the 1ift of the
other, as obtained in the wind tunnel, is given in Tables V and |
VII. The same results are shown graphically in Figures @ and 10.

Figure 11 gives the ratio of the effective 1ift of the up-
per wing to that-of the lower as obtained from these tests (See

Fig. 13 for comparison with Fig. 7).
Discussion of the Experimental Results

It can readily be seen that there is a difference betwsen
the results obtained by the experimental and by the theoretieal
investigations. After the nature of the wind tunnel results have
been discussed, the reasons for this difference will be explained.

The results obtained in the wind tunnel for A Cpyq, &8s
shown in Figure 9, are hardly similar to the theoretical results

shown in Figure 5. The wind tunnel resulits for the U.S5.A.37 air-
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foil were calculated, plotted, and found to give some very con-—
sistent results. It was thought that there might have been a
possible error, since the curves obtained from the wind tumnel
investigation did not conform with those obtained by the appli~
cation of the vortex theory. For this reason a new set-up was
made.in the wind tunnel, using two thfingen 387 airfoils as a
check on the results obtained by the U.S.A.37 airfoils. The
G8ttingen airfoils were tested at a decalage of +3°. The re-
sults of this test gives a curve very similar to that obtained
at +3° decalage with the U.8.A.37 airfoil. Of course these curves
do not coincide since the two airfoils have different 1ift ‘char-
acteristics.

Figure 9 shows that the lower wing reduces the 1ift of the
upper when the angle of attack of the biplane is increased. The
1ift on the upper wing is increased with an increase in decalage.

The plotting of the wind tunnel results for A Cp,,s the
effect of the upper wing upon the 1if% characteristics of the
lower, give a curve with a slope very similar to that obtalned
by the theoretical investigation. Though the effect increases
with the angle of attack, the 1ift on the lower wing decreases
with an increase in decalage, contrary to., the results given by
the application of the vortex theory.

Since the 1ift on the upper wing is decreased at a large
angle of attack, the ratio of the 1ift on the upper wing to that
on the lower wing will be less than that obtained theoretically.
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As the reduction in 1ift on the lower wing increases faster than
that on the upper wing, the curves will still have the same up—

ward slope as in the theoretical results.

A Comparison of the Results Obtained by the Theoretical

and Experimental Investigations

I$ has been shown that there is a difference between the
wind tunnel test results and the calculated resulits based on
the vortex theory.

The fact that the wind tunnel‘tests were bccurate can be
proven in two ways. The results obtained from the reddings in
the wind tunnel, when plotited, gave smooth consistent curves.
Secondly, the results were checked by using a different set of
airfolls and a new set-up still obtaining the same results.

It may be stated here that the possibility of an error in set-
ting up the apparatus is negligible as the wing on which the
readings were made was not moved in the chuck between any of the
tests, including the tests with the wing alone in the tunnel.

The reason for the difference in the results is in the
method of applying the vortex theory. The airfoils .of the bi-
plane were replaced by lines at one-third the wing chord. 411
the calculations were based on the circulation about these lines.
When the decalage is varied from —-3° to +4°, and the gap kept
constant, these lines come approximately 3/32 of an inch closer

' together, while the trailing edges of the wing are moved approx—
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imately 7/16 of an inch. (The distancesbetween the leading edges
remain constant.) The vortex theory as developed by Dr. Fuchs
aﬁd Dr. Hopf (Reference 3i) does not recognize the movement of
these lines or the fact that the distance between the trailing
edges is not the same as the gap. The theory has been developed
only including the interference between the circulations and the
vortices. The Venturi effect produced by having the trailing
edges of the wings closer together when there is positive deca-
lage and by having the trailing edges farther apart when there
is negative decalage has been neglected. With positive, this
Venturl effect tends to increase the velocity of the air be~
tween the wings, reducing the circulation about the upper wing
and increasing the circulation about the lower wing. It has
been shown that the 1ift of a wing is a function of the circula-
tion. Figures 5 and 6 show an increased 1ift on the upper wing
and a decreased 1ift on the lower wing, due to the circulation
about a line replacing the airfoil and neglecting the Venturi
effect. The increased 1ift is gmall compared to the decreased
1ift of the lower wing. (The socale of Figure 6 is five times
that of Figure 5.) When the Venturi effect is taken into ac—
count, the 1ift on the upper wing is decreased until it is below
the value for the wing alone, making A Cp,, negative, as in
Figure 9. The increased 1ift of the lower wing will decrease
the slope in Figure 6. As the scale of Figure 6 is larger,

the effect is not noticeable at first. This is shown in Figure
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10. Thus it can be shown that the Venturi effect does affect
the 1ift of the wings. It is well to keep in mind that the ef-
fect of the interfering circulations is greater than the Venturi
effect.

When the decdlage is increased the Venturi effect increases,
increasing the 1ift of the lower wing, or reducing the effect of
the upper wing on the lower wing. This explaines the reversed
order of the lines in Figure 10 when compared with Figure 6 (See
Figure 13).

The reduced value of the ratio of the effective 1ift of the
upper wing to that of the lower wing has already been discussed:

The experimental results bring out many other points in the
vortex theory as applied to biplanes. When the wind tunnel re—
sults are applied to the equations'deveIOped from the vortex
theory for ACy,;o, they show that actually the vertical veloo—
ity increases faster than the horizontal velocity. The hori-
zontal velocity tends to increase the 1ift of the upper wing,
while vertical velocity tends to reduce the 1ift. According to
the constants determined by the graphic integration of Dr. Fuchs
and Dr. Hopf (Reference 3j), the vertical velocity does not in-
crease a8 fast as the horizontal velocity. It may be that these
constants are not applicable.

In applying the vortex theory, Dr. Fuchs and Dr. Hopf have
neglected the fact that when a biplane with no stagger is at a

high angle of attack, the same effect is produced as if there
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were stagger, since one wing meets the wind before the other.
Thie may cause the lower wing to be less affected by the tip
vortices of the upper wing, the transverse vortices remaining
the same. It may be recalled that the tip vortices tend to
reduce the 1lift of eithsr wing.

| As the wing approaches an elliptical loading the vortices
are leaving the wing in an increasing amount f;om the center to
the tip of the wing. Dr. Fuchs and Dr. Hopf (Reference 3j)
gshould have made their Iintegration using an elliptical loading

when they obtaincd the constants for Figures 1, 2 and 3.
Conclusions

In a biplane the 1ift of the upper wing will be greater
than that of the lower wing, due to the circulation of the lower
wing, increcasing the wind velocity at the upper wing and the
circulation of the upper wing, decreasing the wind velocity of
the lower wing. The increased velocity between the wings due to
the Venturi effect tends to decrease the circulation of the up—
per wing and increase the circulation of the lower wing. The
Venturi effect is not as great as that produced by the inter—
ference of the circulations. -

The tip vortices of each wing tcnd to decrease the 1ift of
the other. It has bcer shown that the 1ift of cach wing is de-
creased, due to the presence of the other, the 1ift of +the lower

wing being decreascd more than that of the other. Therefore,
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the total 1ift of a biplane is less than that of two similar mon-
oplane wings.

Since the 1ift of each wing is dec¢reased and that of the
lower wing is decreased moére than that of the upper, the ratio
of the effective 1ift of the upper wing to that of the lower
wing will be greater than one except ét small angles of attack
and when there is no or negative decalage. When the decalage is
negative, the lower wing has a greater angle of attack and a
greater 1lift, consequently the ra&io is less than one.

The equation for the application of the vortex theory to a
biplane should be corrected for the Venturi effect (by replacing
the airfoil by more than one line), the effect of the vortices
leaving the wing before they reach the end (using elliptical
loading), and the effect of the stagger at high'angles of attack.
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